Background: Cord blood adiponectin and leptin concentrations are associated with birth weight and adiposity. Birth size and rate of infant weight gain are associated with future obesity risk. However, it is unclear whether biomarkers reflecting the intrauterine environment are predictive of infant prospective body composition change.
Introduction
Adiponectin and leptin are hormones secreted from adipocytes, and their circulating concentrations reflect nutritional status. Adults who are obese have lower concentrations of adiponectin and higher concentrations of leptin (1, 2) . Among infants, high leptin concentrations in the umbilical cord blood are associated with greater birth weight (3) (4) (5) , but interestingly, the association of cord blood adiponectin with body weight is opposite that of adults. Specifically, heavier infants have higher rather than lower adiponectin in the umbilical cord blood (6, 7) . Given the known association of leptin and adiponectin in appetite regulation of adults (8, 9) , it would be interesting to know whether concentrations of leptin and adiponectin in umbilical cord blood are predictive of growth and body composition change during infancy.
Several previous studies have examined the associations of cord blood leptin and adiponectin with infant growth, but results have been inconsistent. Some studies (10) (11) (12) , but not all (13) (14) (15) , have reported that cord blood leptin is inversely associated with longitudinal changes in infant size across infancy and up to 3 years of age, after adjusting for size at birth. The association of umbilical cord blood adiponectin concentration with longitudinal changes in infant weight and adiposity has also been inconsistent (11, 13, 16) . The existing literature is limited, however, by the use of anthropometric measurements of infant adiposity, and so the association of these adipokines with fat-free mass (FFM) and fat mass (FM), and with prospective change in FFM and FM, is not clear.
There is a dearth of studies assessing associations of cord blood adiponectin and leptin with neonatal FFM and FM, and with the change in FFM and FM across early infancy. Further, previous studies that used anthropometric measures of infant adiposity were largely focused on predominantly Caucasian infants. African American infants, however, are an interesting demographic to examine because as compared with Caucasians, African American infants are lighter at birth with less FFM (17) , but gain more weight during infancy and have a greater long-term risk for obesity (18) . Thus, the objective of this study is to test the hypothesis that cord blood adiponectin and leptin are positively associated with neonatal adiposity, but inversely associated with body weight gain and absolute FM accrual to 3 months of age in a cohort of African American infants.
Methods

Subject characteristics
Data from healthy African American infants born to mothers with normal glucose tolerance enrolled in studies examining prenatal health and early childhood growth were used for this study. Women were eligible for the parent studies if they were at least 16 years of age at recruitment and were experiencing a healthy singleton pregnancy. Exclusion criteria were preexisting type 1 or type 2 diabetes mellitus, gestational diabetes mellitus during the current pregnancy, prior preterm birth (<37 weeks' gestation) or delivery of a low birth weight infant (<2500 g), the presence of any medical condition believed to interfere with fetal growth and the use of tobacco, alcohol or any illicit drugs during the current pregnancy. Among the N = 50 infants from this dataset for whom a cord blood sample was obtained, data from infants who were born preterm (n = 3), had a low birth weight (n = 1) or who did not return for at least the 2 week follow-up visit (n = 10) were excluded. Final analyses were conducted on n = 36 infants at birth and 2 weeks, and n = 31 infants at 3 months. The Institutional Review Board for Human Use at the University of Alabama at Birmingham approved all study procedures. Informed consent was obtained from the mothers.
Clinical and anthropometric assessments
Infant gestational age at delivery and birth weight and length were retrieved from medical records. Infant race was based on the race of the mother, which was retrieved from medical records. At 2 weeks (18 ± 5 days) and 3 months (93 ± 4 days), mothers self-reported whether they were exclusively, partially or not breastfeeding their infants. Infant length was measured to the nearest 0.1 cm using an Ayrton® M-200 infantometer (Ayrton Corporation, USA) and infant weight was measured to the nearest 0.1 g with infants wearing only a stocking cap using standard clinical procedures. Infant length was measured in triplicate. World Health Organization standards were used to calculate sex-specific weight-for-length z-scores (WLZ) at birth, 2 weeks and 3 months of age.
Air displacement plethysmography (ADP)
At 2 weeks and 3 months of age, infant body FM and FFM were measured by ADP using PEAPOD® (COSMED USA, Concord, CA). Infants were undressed and wore only a stocking cap to cover their hair for the assessments.
Cord blood measurements
Umbilical cord blood samples were obtained using venipuncture at birth, processed for serum and stored at À80°C until assay. Serum leptin and adiponectin were measured by radioimmunoassay (Millipore human leptin and human adiponectin RIA kits, respectively; Millipore Corporation, Billerica, MA, USA), with minimum sensitivities of 0.92 ng/mL and 2.55 μg/mL, respectively. Intra-and inter-assay coefficients of variation were 4.81% and 4.76%, respectively, for leptin and 5.93% and 2.67%, respectively, for adiponectin.
Statistics
The primary outcome variables were infant FM, measured at 2 weeks of age and adjusted for total FFM, and the conditional change in FM from 2 weeks to 3 months of age. Secondary outcomes included WLZ at birth and 2 weeks, FFM at 2 weeks and the conditional change in these variables from 2 weeks to 3 months of age.
Prior to analyses, all continuous variables were assessed for normality of distribution using the Shapiro-Wilk Test. Skewed variables (cord blood leptin and adiponectin) were log-transformed into normal distributions. Separate simple linear regression models and multiple linear regression (MLR) models were constructed to examine the association of leptin or adiponectin (as the main predictor variable) with each body composition measure as the dependent variable. The model predicting birth WLZ was adjusted for the gestational age at delivery. MLR models predicting WLZ at 2 weeks were adjusted for infant age (in days), the models predicting FM at 2 weeks were adjusted for age at testing and FFM at 2 weeks to account for overall body size and the models predicting FFM at 2 weeks were adjusted for age at testing and infant length at 2 weeks. The association of cord blood leptin and adiponectin with conditional change in infant WLZ, FM, and FFM from 2 weeks to 3 months, was examined in separate MLR models with the infant body measurement at 3 months as the dependent variable, and the corresponding measurement at 2 weeks as a covariate, along with the time between measurements. Mothers' early pregnancy BMI and gestational weight gain were explored as potential covariates in all models, and infant feeding mode (breast fed, mixed fed, or formula fed) was explored as a potential covariate in models predicting infant body measurements at 2 weeks and the conditional change in these measurements from 2 weeks to 3 months. Mothers' early pregnancy BMI, gestational weight gain and feeding mode were not associated with the infant outcomes of interest, and so they were excluded from final models. All assumptions for MLR were verified to be met. Data are presented as mean ± SD, unless indicated otherwise.
Data analysis was performed using the Statistical Package for the Social Sciences (SPSS) software version 22.0 (SPSS Inc., Chicago, IL, USA), and statistical significance was accepted at alpha less than or equal to 0.05.
Results
Subject characteristics are presented in Table 1 . The gestational age at birth ranged from 37 weeks and 4 days to 41 weeks and 4 days, and neonatal birth weight ranged from 2670 to 4140 g. Maternal early pregnancy BMI ranged from 18.0 to 52.9 kg/m 2 . Cord blood leptin and adiponectin concentrations ranged from 2.4 to 36.9 ng/mL and from 19.2 to 59.3 μg/ mL, respectively. Cord blood leptin concentration was significantly higher among female infants compared with male infants (15.2 ± 12.6 vs. 9.2 ± 10.0 ng/mL, respectively; P < 0.05; not shown), even after controlling for gestational age at delivery and size at birth. Cord blood adiponectin concentration did not differ significantly by infant sex. Median (IQR) infant weight gain from 2 weeks to 3 months postpartum was 2302.9 (479.7) g. The mean change in FM and FFM from 2 weeks to 3 months was 796.0 ± 318.4 g and 1608.6 ± 281.0 g, respectively.
The results of simple linear regression models and the fully adjusted MLR models analysing the associations of umbilical cord leptin and adiponectin with the outcomes of interest are reported in Table 2 . In the crude models, birth WLZ was positively correlated with cord blood leptin and cord blood adiponectin (r = 0.39, P = 0.02 and r = 0.41, P = 0.01, respectively). When adjusted for gestational age at delivery, cord blood leptin remained significantly associated with birth WLZ (r = 0.39, P = 0.02); however, the overall model was no longer significant (R 2 = 0.16, P = 0.06; not shown). The association of adiponectin with birth WLZ remained significant after adjustment for gestational age at delivery (r = 0.40, P = 0.02), as did the overall model (not shown).
At 2 weeks of age, cord blood leptin was positively associated with WLZ (r = 0.35, P = 0.04). This association remained significant after adjustment for the infant age at the measurement (r = 0.35, P = 0.04); however, the overall model was no longer significant (R 2 = 0.13, P = 0.11). Cord blood adiponectin was positively associated with FM at 2 weeks of age (r = 0.46, P < 0.01), and this association remained in the fully adjusted models (r = 0.45, P < 0.01; Fig. 1a ). Including infant sex as a covariate in the models did not change the results (not shown).
With respect to the conditional change in infant growth, cord blood leptin concentration was not associated with change in WLZ, FM or FFM from 2 weeks to 3 months. However, cord blood adiponectin was significantly inversely associated with the conditional change in FM from 2 weeks to 3 months only after adjustment for FM at 2 weeks and the time between the measurements (r = À0.38, P = 0.04, Fig. 1b) . Results remained unchanged when infant sex was included as an additional covariate in the models (not shown).
Discussion
The overall objective of this study was to examine whether umbilical cord blood leptin and adiponectin are predictive of neonatal adiposity and change in body composition up to 3 months of age. These analyses were conducted in a cohort of infants born to African American mothers, which is a relatively understudied group despite their lower birth weights but greater risk for childhood obesity and type 2 diabetes mellitus (19, 20) . Results extend the literature by showing that higher cord blood adiponectin was associated with greater FM at 2 weeks of age, but reduced FM accrual to 3 months of age. In contrast, cord blood leptin was not associated with FM or FM accrual to 3 months of age in this cohort. Together, these findings suggest that concentrations of adiponectin, but not leptin, in the umbilical cord blood may be predictive of prospective change in adiposity in infants born to African American mothers. If this relationship is verified in future, larger studies, cord blood adiponectin may be a useful marker for obesity risk. This is the first study to show an association of higher cord blood adiponectin with neonatal FM in an exclusively African American cohort. These findings were consistent with our hypothesis and confirm previous studies which have largely relied on anthropometric measurements as markers of adiposity (10, 16, (21) (22) (23) (24) (25) . It is possible that these findings reflect an association of adiponectin with fetal insulin sensitivity, consistent with the known positive association of adiponectin with insulin sensitivity in adults (26). However, future mechanistic studies in animal models are needed to elucidate whether there is a mechanistic relationship between adiponectin and infant body composition or whether it is merely a marker of changes in adiposity or some other ongoing biological mechanism(s) occurring after birth.
In contrast with the association between adiponectin and FM at 2 weeks of age, we reported here that higher cord blood adiponectin was associated with less conditional FM gain from 2 weeks to 3 months of age. This is consistent with one other study that reported cord blood adiponectin was inversely correlated with WLZ change across the first year of life (25) . However, our finding is in contrast to that of Teague et al. (16) , who reported a positive association of cord blood high-molecular weight adiponectin (HMWA) with the change in infant weight and SSF from birth to 1 month of age in a cohort of Hispanic and Native American infants (16) . These disparate findings may be attributable to the fact that Teague et al. measured HMWA, which is suggested to be the most active form of adiponectin, whereas we used total adiponectin. Thus, future studies are needed to determine whether there are distinct and direct effects of the different molecular isoforms of adiponectin on fetal fat accrual, and whether these effects differ by infant sex (27) . Additionally, Teague et al.
(24) and others rely on a change score, rather than conditional change in weight and SSF, to characterize infant growth. By using the conditional change in infant FM, our study accounted for the size of the infants at baseline, which is important as size at baseline may impact the rate of growth moving forward (28, 29) . In the present study, cord blood leptin was positively associated with infant WLZ at birth and at 2 weeks. The positive association of cord blood leptin Figure 1 Relationship of cord blood adipokines with infant body composition: (a) Cord blood adiponectin is positively associated with infant fat mass (FM) at 2 weeks of age after adjustment for FFM at 2 weeks and age at measurement (overall MLR model: F = 6.09, P < 0.005); and (b) Cord blood adiponectin is inversely associated with conditional FM change from 2 weeks to 3 months of age after adjustment for FM at 2 weeks and days between measurements (overall MLR model: F = 6.28, P < 0.005). Partial r and P values are from partial correlations obtained as part of the multiple linear regression (MLR) analyses. WLz, weight-for-length z-score. 1 Adjusted for gestational age at delivery.
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Adjusted for age at measurement.
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Also adjusted for fat-free mass. 4 Also adjusted for length.
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Adjusted for baseline (2 week) measure and time between measurements. + P < 0.1. *P < 0.05. **P < 0.01.
with neonatal body size is consistent with previously published studies (15, 24, 30) . Contrary to our hypothesis, cord blood leptin was not associated with FM at 2 weeks of age. Several other studies have measured the association of cord blood leptin with neonatal FM by ADP or skinfolds and reported a positive association (4, 5, 16, 23) . It is not clear why no association was found in this study, but it is possible that the sample size limited our ability to detect an association, or that the association of cord blood leptin with adiposity is not as strong in African American infants, who are typically smaller at birth, as compared with other racial groups. Similarly, we did not find an association of cord blood leptin with change in FM across the first 3 months of life. Most (5, (10) (11) (12) 16, 23, 24) , but not all (13) (14) (15) , previously published studies have found cord blood leptin to be inversely associated with weight gain in early infancy; however, this association may reflect slower growth among infants who were larger at birth (e.g. catch-down growth) (29) . One study among Irish infants with repeat body composition measurements at birth and 2 months of age using ADP reported cord blood leptin was positively associated with both FM and FFM at birth and was inversely associated with the conditional change in FM from 0 to 2 months of age (12) . They also did not observe any associations between cord blood leptin and conditional gains in weight at subsequent intervals up to 2 years of age (12) . As such, methodological differences, including the duration of time between baseline and follow-up measurements and the techniques used to measure cord blood leptin, may contribute to inconsistencies in the reported associations of cord blood leptin with infant weight and body composition change. However, it is also possible that the association between cord blood leptin and infant growth is obscured by maternal feeding practices or other factors postpartum. Ultimately, more research is needed to better understand associations of leptin with FM and FFM, and how these associations change across infancy and early childhood.
This study is strengthened by the prospective design, the exclusively African American cohort and the use of ADP to measure infant body composition longitudinally. However, this study is not without limitations including the use of total adiponectin rather than HMWA, the small sample size and loss to followup which could introduce bias and limit the ability to include other covariates in our models.
To our knowledge, our study is the first to assess infant FM and FFM, specifically, at multiple timepoints and examine the association of cord blood adiponectin and leptin with the conditional change in these outcomes in a cohort of African American infants. Overall, we found that cord blood adiponectin, but not leptin, was positively associated with neonatal FM, but inversely associated with FM change in early infancy in a cohort of African American infants. It is important to understand how the concentration of adipokines in cord blood relates to fetal and infant growth because ultimately, this may affect future obesity risk. As such, these adipokines may serve as potentially useful markers for the early identification of infants at-risk for future obesity, allowing for the targeting of early preventative interventions. However, further research in larger, more diverse cohorts is needed to elucidate whether leptin and adiponectin can be used as markers for future obesity risk and what, if any, roles these adipokines may play in fetal and neonatal development and programming of obesity and future disease risk.
